The present study was designed to evaluate the differential effects of dietary glucose, lactose and starch on small-intestinal morphology, organ weights, pH of chyme and haptoglobin levels in blood plasma of weaned piglets. It was hypothesised that lactose consumption would ameliorate the weaning-induced decrease in gut integrity. A total of forty-two barrows were used. Piglets were weaned at 27 (SD 0·8) d of age and weighed 8·0 (SD 0·51) kg. On the day before weaning (day 2 1) all pigs were blocked according to body weight and randomly assigned to seven groups (n 6 per group). The groups differed in diet and day of dissection. On the day of weaning, dissection was performed on one group of six piglets. The remaining groups were fed one of three experimental diets in which glucose, lactose or starch had been iso-energetically exchanged, supplying 24 % dietary energy. The piglets received a liquid diet (air-dry meal:water of 1:2, w/w). The piglets were given access to a maximum of dietary energy in order to prevent confounding between feed intake and villus architecture. The piglets were dissected and sampled on days 0, 3, or 10 post-weaning. The results show that the carbohydrate source did not affect growth performance, organ weights, villus architecture, pH of chyme and plasma haptoglobin level. The weaning transition resulted in decreased villus height and increased haptoglobin levels. In the contents of the caecum and large intestine, the pH decreased after weaning. It is concluded that at least under conditions of similar feed intake and low infectious pressure, dietary lactose does not ameliorate the weaning-induced compromise of small-intestinal integrity when compared with either glucose or starch. Weaned piglets: Carbohydrate source: Gut morphology Presented in part in abstract form (Spreeuwenberg et al. 2002). * Corresponding author: Dr M. A. M. Vente-Spreeuwenberg, fax þ 31 485 577311, email mirjam.vente@nutreco.com Abbreviations: BW, body weight; Hp, haptoglobin; NE m , net energy for maintenance.
At weaning, the diet composition of piglets changes drastically. The liquid sows' milk is replaced by pelleted dry feed with carbohydrates, instead of fat, as the main energy source. In addition, lactose, the main carbohydrate in milk, is replaced by starch. The weaning transition is accompanied by low feed intake (Leibbrandt et al. 1975; Okai et al. 1976) , which causes a reduction in villus height (Kelly et al. 1991; Pluske et al. 1996; Verdonk et al. 2001a) .
Epithelial cells need energy to maintain gut integrity. Glucose is an energy source for epithelial cells (Mallet et al. 1986 ). By providing glucose as a preferred energy source for the epithelial cells, the effect of post-weaning low feed intake on small-intestinal architecture might be ameliorated. However lactose is one of the main constituents of sows' milk (Darragh & Moughan, 1998) and is cleaved by lactase in the brush-border membrane, such that glucose and galactose are absorbed into the enterocytes. Additionally, it has been shown that increasing the amounts of lactose in the weaner diet at the expense of protein is associated with higher group-mean villus height in the proximal small intestine of piglets (Spreeuwenberg et al. 2001) . It can be hypothesised that lactose, being the main sugar in sows' milk, has specific properties contributing to mucosal integrity in newly weaned piglets. To test the specificity of lactose, three experimental weaner diets were formulated containing 24 % of total net energy in the form of glucose, lactose or starch. The diets were supplied to weanling piglets and their villus height and crypt depth were measured on 3 and 10 d post-weaning.
Materials and methods

Piglets and weaning
Barrows (n 42) used were from the Swine Research Centre of Nutreco: (Duroc £ Yorkshire synthetic) £ (Yorkshire £ Dutch Landrace synthetic). The piglets were weaned at 27 (SD 0·8) d of age (day 0) and weighed 8·0 (SD 0·51) kg. Creep feed was not provided during the suckling period so as to enhance the differential response, if any, to the experimental diets and to prevent the induction of inter-individual variability by variable pre-weaning ingestion of solid feed (Bruininx, 2002) . At weaning, the pigs were removed from the sow, weighed and housed individually in pens (80 £ 100 cm 2 ). Each pen was equipped with two feed troughs and a nipple drinker. The environmental temperature was maintained at 278C. During the day of weaning, lights were on continuously. From day 1 onwards lights were on from 06.00 until 22.00 hours. The experimental protocol was approved by the Animal Care and Ethics Committee of the University of Nijmegen (The Netherlands).
Feeds, feeding and experimental design
On the day before weaning (day 2 1), the piglets were weighed and placed back with the sow. Based on those weights the piglets were blocked by body weight (BW) and randomly allocated to one of seven groups. In total, piglets of seventeen litters were used; littermates were evenly distributed among dietary treatment and among day of dissection. On the day of weaning (day 0), dissection was performed on a group of six piglets. The remaining six groups were dissected on day 3 or 10 postweaning and received one of the three experimental diets in the form of a slurry. The water:air-dry feed value was 2:1 (w/w).
The experimental diets differed in their carbohydrate composition. A mixture of constant components was formulated (Table 1) . Glucose, lactose and wheat starch were isoenergetically exchanged and supplied 24 % of the total energy of the diet. Wheat starch is regarded as rapidly digestible based on its in vitro, fractional digestion rate and has a total potential digestibility of 99·9 (SD 0·93) % (Weurding et al. 2001) . The calculated nutrient composition of the experimental diets is shown in Table 2 .
After weaning (days 0 to 10), the piglets were given access to a maximum amount of dietary energy. The following formula describes the amount of net energy for maintenance (NE m ) of the piglets according to their metabolic weight on the day of weaning ðBW 0·75 0 Þ (National Research Council, 1998):
where NE m is the net energy intake at maintenance level (kJ/d) and BW 0 is BW on day 0 (kg). The piglets were offered 0·5 £ NE m on day 0, 0·75 £ NE m on day 1, 1·0 £ NE m on day 2, 1·5 £ NE m on day 3 and 2·0 £ NE m from day 4 onwards. The piglets were fed equal portions of feed three times/d from day 0 to 3 (at 10.00, 13.00 and 16.00 hours) and two times/d from day 4 onwards (at 10.00 and 16.00 hours). Feed refusals were collected, weighed and dried overnight at 1008C. Actual daily DM intake (g) and net energy intake/kg metabolic weight were calculated (kJ/kg BW 0·75 0 ).
Growth performance and faeces consistency
The piglets were weighed on days 2 1, 0, 3 and 10 postweaning. Average daily gain was calculated for the periods 2 1 to 0, 0 to 3 and 3 to 10 d. Faecal consistency was monitored twice per d and quantified using a score on a scale from 0 to 3, with 0 being normally shaped faeces, 1 being shapeless (loose) faeces, 2 being thick, liquid (soft) faeces, and 3 being thin, liquid faeces (watery diarrhoea). The scoring was done by experienced care-takers who were unaware of piglet treatment.
Sampling
On days 0, 3 and 10 post-weaning, the piglets to be killed were weighed and killed with a 5 ml intra-cardiac injection of Euthestate w (pentobarbital sodium 200 mg/ml; * Minerals and vitamins were (per kg feed): Ca, 5·9 g; P, 5·2 g; Na, 2·9 g; K, 6·3 g; Cl, 5·7 g; Cu, 131·2 mg; vitamin E, 51·7 IE. Apparently ileal digestible amino acids were (g/kg feed): lysine, 10·7; methionine, 4·2; methionine þ cystine, 6·7; threonine, 6·8; tryptophan, 2·5. † Calculated as: DM 2 (crude protein þ fat þ crude fibre þ ash). ‡ Calculated with the use of the Dutch feed tables (Centraal Veevoederbureau, 2000) .
Ceva Sante Animale B.V., Maasluis, The Netherlands). A midline laparotomy was performed. From the vena cava caudalis a blood sample was taken into a 9 ml tube with heparin (Lithium-Heparin-Monovette w ; Sarstedt, Nümbrecht, Germany). After mixing carefully, the tubes were immediately put on ice and then centrifuged (10 min, 1100 g). Plasma was stored in the freezer (2 208C) until analysis. A jejunal segment was taken at 0·5 m distal to the ligament of Treitz (proximal jejunum) and a second segment at 3·5 m distal of this ligament (mid-jejunum). A sample of approximately 100 mm was taken from the proximal jejunum and the length and width were measured. Of this sample the mucosal layer was carefully scraped off from the muscle layer with an object-glass and weighed. The mucosal weight was expressed per cm 2 . The liver and pancreas were removed and weighed. The small intestine was divided into three parts: the first 2 m distal of stomach (proximal small intestine); the last 2 m proximal of the caecal valve (distal small intestine); the middle, remaining part (mid-small intestine). Chyme was collected and mixed, pH was measured and empty weight was determined of the stomach, proximal, mid-and distal small intestine, caecum and large intestine. Empty BW was determined as animal weight without the gastrointestinal tract, liver and spleen. For histological analysis, tissue samples (20 mm) of the proximal and mid-jejunum were cut open longitudinally at the anti-mesenteric attachment, fixed onto dental wax with the villi on the upper side and put in phosphate-buffered formalin solution (0·1 mol/l; 40 ml formalin/l). A 3 mmwide zone from the mesenteric site was cut at right angles to the surface of the mucosa and embedded in paraffin wax. Sections (5 mm) were cut and stained with the periodic acid -Schiff procedure. These periodic acid-Schiff-stained sections were subsequently used to determine crypt depth (mm) and villus length (mm). One slide per piglet was used and the average values taken for a minimum of five villi and crypts.
Total antibody titres to haptoglobin (Hp) in plasma were determined by ELISA (Biofocus GmbH, Recklinghausen, Germany) as described (Hiss, 2001; Hiss et al. 2001) . Briefly, biotinylated porcine Hp was used as a tracer and was incubated together with either an Hp standard or plasma in microtitre plates coated with sheep anti-rabbit crystalline-fragment immunoglobulins. After adding the specific rabbit antiserum, plates were incubated for 1 h, washed and evaluated via a streptavidin peroxidase system with tetramethylbenzidin as substrate. Hp levels are expressed as mg/ml plasma.
Statistical analysis
A general linear model procedure (SAS version 6.12; SAS Institute, Cary, NC, USA) was used to estimate the leastsquare means of the different variables. The effect of diet composition was evaluated within the 3 £ 2 experimental design with three experimental diets and days 3 and 10 as dissection days:
where y ijk is the dependent variable; m is the overall mean; D i is the fixed effect of day of dissection (i ¼ 1, 2); C j is the fixed effect of diet composition (j ¼ 1, 2, 3); (D £ C) ij is the interaction between day of dissection and diet composition; e ijk is the error term. The effect of day post-weaning was evaluated across diets with day post-weaning as the only independent variable:
where y ij is the dependent variable; m is the overall mean; D i is the fixed effect of day of dissection (i ¼ 1, 2, 3); e ij is the error term.
To compare the effect of a specific diet on day 3 or 10 with the day of weaning, the seven groups were regarded as different treatments:
where y ij is the dependent variable; m is the overall mean; T i is the fixed effect of treatment (i ¼ 1, 2, . . ., 7). The experimental groups differing in diet and day of dissection were regarded as different treatments; e ij is the error term.
Only pre-planned comparisons were made, i.e. between diets within either day 3 or 10 and between days (day 0, 3 and 10) for the same diet.
The repeated measures option of the general linear model procedure was used to analyse differences between pH in the different parts of the gastrointestinal tract. The incidence of faeces inconsistency was not distributed normally. Therefore, the effect of dietary treatment on faeces inconsistency was analysed by x 2 analysis of the Cadmod procedure. Pearson correlation analysis was performed to evaluate selected correlations. For all data combined, feed intake as a function of days post-weaning was plotted in the form of a box-whisker graph and as means. Significance was assigned at P, 0·05; tendencies were assigned at 0·05, P, 0·10.
Results
None of the piglets showed signs of illness. Energy intake and average daily gain did not differ between dietary treatments. Daily feed intake (kJ/kg BW 0·75 per pig) across dietary treatments is shown in Fig. 1 as a box-whisker plot. There was substantial inter-individual variation in feed intake. On average, the energy intake required for maintenance was reached on day 4 post-weaning. For all piglets combined, the average daily DM intake was 59 (SD 58·6) g/d per pig during the first 3 d, 122 (SD 49·2) g/d per pig during the first week and 163 (SD 39·9) g/d per pig during the entire 10 d period. Daily feed intakes during the first 3 d post-weaning did not differ between the piglets dissected on day 3 or 10. The average daily gain was 281 (SD 145·2) g from days 2 1 to 0 (n 42), 2 40 (SD 96·2) g from days 0 to 3 (n 36), 202 (SD 58·9) g from days 3 to 10 (n 18) and 128 (SD 61·6) g from days 0 to 10. Feed intake and growth were positively correlated (P, 0·01).
The percentage of days that a piglet had non-consistent faeces (i.e. score 1, 2, or 3) did not differ between dietary treatments (P. 0·10) and for all piglets combined was 8 (SD 18·5) % from days 0 to 3 and 16 (SD 15·8) % from days 0 to 10. For the piglets dissected on day 10 this means that on average the piglets showed inconsistent faeces during 1·6 d. Of the piglets dissected on day 10, four piglets showed no days of inconsistent faeces, seven piglets showed inconsistent faeces during 1 d, three piglets during 2 d, two piglets during 3 d, one piglet during 4 d and one piglet during 6 d. Only four piglets showed during 1 d a faecal score of 3; two of those piglets received the lactose diet, one the glucose and one the starch diet. For the piglets either dissected on day 3 or 10 post-weaning, two piglets showed less consistent faeces on or 1 d before the day of dissection.
Dietary treatment did not affect the empty BW nor organ weights, small-intestinal length or mucosal weight (data not shown). For all piglets combined, Table 3 shows the effect of post-weaning time on organ weights and various smallintestinal characteristics. Organ weights are expressed per kg empty BW. When compared with day 0, empty BW was decreased on day 3, but the pre-weaning level was reached again on day 10 post-weaning (P, 0·01). The specific weight of the stomach increased from days 0 to 3 and then to day 10 (P, 0·01). The specific weights of the liver, pancreas, small intestine, caecum and large intestine were higher on day 10 than on days 0 and 3 (P, 0·01). The length of the small intestine and the weight of the small-intestinal mucosa were also higher on day 10 when compared with days 0 and 3. However, the small-intestinal or mucosal weight expressed per cm and cm 2 respectively, was not affected by post-weaning day.
Villus length and crypt depth were not differently affected by dietary carbohydrate source (Fig. 2) . Irrespective of the type of diet, villus height decreased from day 0 to 3 and increased again between days 3 and 10 (P, 0·01). Between days 3 and 10 post-weaning, the group-mean increase in villus height for both the proximal and mid-small intestine was greater in piglets fed the diet with lactose than in those fed the other diets. However, at the proximal small intestine this was due to the longer villi at day 10, but at the mid-small intestine this was due to the shorter villi at day 3 for the lactose-fed piglets. In general, villus height on day 10 was intermediate between that on days 0 and 3. Crypt depth was deeper on day 10 compared with that on days 0 and 3 (P, 0·01), both at the proximal and mid-jejunum. Pearson correlation analysis indicated that the values of the proximal and mid-small intestine for either villus height or crypt depth were positively correlated (P, 0·01). Villus height was neither correlated with crypt depth, nor with feed intake, growth or faeces consistency. Crypt depth at the mid-jejunum was positively correlated with feed intake (P, 0·01) and with growth (P, 0·01), both between days 3 and 10 and between days 0 and 10 post-weaning. Fig. 1 . Box-whisker graph of the daily energy intake of piglets, for the first 10 d after weaning, expressed as kJ net energy (NE)/kg metabolic weight (BW 0·75 ; days 1-3, n 36; days 4-10, n 18). The graph shows the medians within the boxes and the means as adjacent bars. The upper and lower closures of the boxes indicate the quartiles, and the vertical lines (whiskers) represent the ranges. The grey area represents the amount of feed offered. The amount of feed needed for maintenance/pig is 326·4 kJ NE/kg BW 0·75 per d. Least square means with unlike superscript letters were significantly different (P, 0·01). The day of post-weaning had a significant influence: **P, 0·01. † For details of procedures, see p. 907.
However at the proximal jejunum crypt depth was not correlated with feed intake and growth. Crypt depths at the proximal and mid-jejunum were positively correlated with the specific weight of the proximal, mid-and distal small intestine (P, 0·01). Villus height was not correlated with the specific weights of the small intestine. Table 4 shows the pH of the chyme at different sites of the gastrointestinal tract. Diet composition did not affect the pH. In the stomach and proximal small intestine, the pH of the contents was not affected by the time since weaning. However, further along the gastrointestinal tract, pH was decreased on day 10 compared with days 0 and 3. The pH was not correlated with feed intake, growth and villus length. For the mid-and distal small intestine, caecum and large intestine, the pH of the contents was negatively correlated with crypt depth and the specific weight of the small intestine.
Hp levels in plasma were not affected by diet composition (Fig. 3) . On day 10 post-weaning, Hp levels were increased (P, 0·05) when compared with those on either day 0 or 3. Hp levels were not correlated with feed intake, growth and villus height (P. 0·10), but were positively correlated with crypt depth (P, 0·05).
Discussion
It has been shown that feed intake is positively correlated with villus height (Kelly et al. 1991; Pluske et al. 1996; Verdonk et al. 2001a) . To study the effect of carbohydrate source on small-intestinal architecture independently of feed intake, the piglets were offered a predetermined maximum amount of feed. However, the differences in daily feed intakes between the piglets were still substantial, with an average CV/d of 44 %. Nevertheless, feed intake did not differ between the dietary treatments. Likewise, average daily gain and feed efficiency were not affected by the carbohydrate source in the diet. Earlier growth performance trials (Jin et al. 1998; Lee et al. 2000; Mavromichalis et al. 2001) with piglets weaned at 3 weeks of age and fed ad libitum showed that dextrin, molasses, and mono-and disaccharides were utilised equally efficiently. However, these carbohydrates induced higher feed intake and better growth performance than did starch. DM digestibility was neither affected by carbohydrate source (Lee et al. 2000; Mavromichalis et al. 2001) nor was decreased by the use of starch (Jin et al. 1998) . Veum & Mateo (1986) found similar growth performance for piglets weaned at 1 d of age and fed a liquid diet containing either 53 % glucose, lactose, sucrose, or maize starch.
The observed decrease in villus length after weaning followed by partial recovery within 10 d post-weaning is in agreement with the results of others (Nabuurs et al. 1993; Van Beers-Schreurs, 1996; Van Dijk, 2001; Verdonk et al. 2001b) . It was hypothesised that lactose in the weaner diet would preserve villus length. However, the results show that villus length was not affected by the carbohydrate source. Villus length at the proximal small intestine of the piglets receiving the diet with lactose seemed to recover somewhat faster than that of the piglets receiving the diets containing either glucose or starch. However, Values are least-square means; values for residual standard deviation are: proximal villus height, 79·7 mm; mid-villus height, 79·3 mm; proximal crypt depth, 35·8 mm; mid-crypt depth, 38·3 mm (n 6). For each site, for both villus length and crypt depth, statistical comparisons were made between diets within days and between days for the same diet. There were no effects of the type of dietary carbohydrate within day 3 or 10. Post-weaning day had significant effects: a,b,c P,0·05; d,e,f 0·10.P . 0·05. a,b,c Least square means within a row, for day post-weaning, with unlike superscript letters were significantly different. The day of post-weaning had a significant influence: *0·05, P, 0·10 (tendency), **P, 0·01. Diet composition did not significantly affect the pH of chyme at different sites. The repeated measures procedure of the general linear model indicated an effect of site (P, 0·01) and an interaction between site and day of dissection (P, 0·01). † For details of diets and procedures, see Tables 1 and 2 the apparent lactose effect was mainly due to one piglet with a villus length of 535 mm on day 10 post-weaning, while villus height of the other five piglets of that experimental group ranged between 236 and 365 mm. Therefore, it may be concluded that lactose has no specific effect on villus architecture. The present study showed an incidence of diarrhoea of 16 %, which is lower than the reported incidences of diarrhoea of 39 % from weaning to 14 d post-weaning (Hampson, 1986) and 40 % during the first, 69 % during the second and 50 % during the third week post-weaning of piglets reared under commercial conditions (Nabuurs, 1991) . Due to the low incidence of diarrhoea, no relationship was observed between faeces consistency and villus architecture.
Easily fermentable dietary substrates such as lactose and sucrose, but not starch, are thought to induce a favourable pH for digestion (Ewing & Cole, 1994) . However, the pH in the contents of the gastrointestinal tract at the various sites was not affected by the carbohydrate source in the diet, which agrees with the work of Ly (1992) . The optimal pH for pepsin action is 2 and for trypsin and chymotrypsin it is 8 (Whitaker, 1994) . However, most piglets did not reach these pH values in the stomach and proximal small intestine respectively. It seems that the pH values did not allow optimum digestion. The values found in the present study agree with the data of Makkink (1993) . However, the pH values were measured in the total, mixed chyme of each segment. Kamphues (1987) reported that the pH of digesta close to the gastric wall or at the pyloric site is higher than in other parts of the stomach. Therefore, the above-mentioned conclusion as to discrepancies between measured and optimum values requires caution.
The pH in the caecum and large intestine decreased with time post-weaning. Van Beers-Schreurs (1996) showed that volatile fatty acid production in the large intestine, including that of butyric acid, increased during the first week post-weaning. With increased production of volatile fatty acids, pH decreases. In ileally fistulated rats, the infusion of propionic, butyric and acetic acids at physiological doses into the fistula was found to increase the crypt cell production rate of both small and large intestine in a dose-dependent manner (Sakata, 1987) . Thus, a decrease in pH might be due to volatile fatty acids which also increase the proliferation of crypt cells and thereby increase mucosal weight. This reasoning may explain the observed negative correlation between pH and either crypt depth or mucosal weight.
The acute-phase response to infection, inflammation or trauma is mediated by a combination of cytokines and is associated with increased concentrations of plasma proteins produced by the liver, i.e. the acute-phase proteins (Gruys et al. 1999) . Hp is a major acute-phase protein in the pig (Eckersall et al. 1996) . Hp levels in the blood were not affected by diet composition. Likewise, Hiss (2001) found no effect of diet composition on Hp levels after a lipopolysaccharide injection; different levels of yeast b-glucans did not ameliorate the inflammatory response. It has been suggested that the level of Hp in the blood might be used as a tool to evaluate the general health status and consequently the growth performance on a farm (Knura et al. 2000) . The present study found that the weaning transition increased the level of Hp in the blood.
In conclusion, the present experiment rejects our hypothesis that dietary lactose, when compared with glucose and starch, is beneficial for the weaning-induced compromise in small-intestinal integrity. It should be noted that the hypothesis was tested under conditions of unaltered feed intake and that the piglets used were kept under low infection pressure.
Implications
The formulation of diets for weanling piglets aims at reducing the weaning-induced decrease in gut integrity. There was suggestive evidence that lactose could have a positive effect on villus height and crypt depth. However, the present study shows that lactose, glucose and starch had no differential effect on villus architecture. It should be noted that a specific feeding regimen was used so that the experimental diets would not induce differences in feed intake. For all piglets combined, feed intake and growth were positively correlated. The present study corroborates earlier work in that feed intake rather than digestible carbohydrate composition determines post-weaning growth performance and mucosal integrity in piglets.
